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CONTROL HINGE-MOMENT AND EFFECTIVENESS CEARACTERISTICS
OF A 60° HAILF-DELTA TIP CONTROL ON A 60° DELTA WING
AT MACH NUMBERS OF 1.41 AND 1.96

By lawrence D. Guy
SUMMARY e

An investigation of a half-delta wing-tip control on a semispan
60° delta-wing—fuselage combination was conducted in the Langley 9-
by 12-inch supersonic blowdown tunnel. The control spanned the outer
one-third of the exposed wing semispan and had the hinge line located
at the h5.5-percent station of the control mean aerodynamic chord.
Control-surface hinge moments and bending moments, as well as the char-
acteristics of the complete wing-fuselage combination, were obtained
over a large range of control deflection and angle of attack at Mach

numbers of 1.41 and 1.96 and Reynolds numbers of 2.4 X 106 and 2.0 x 106,
respectively.

The control hinge moments were relatively small, for moderate angles
of attack, over the entire control-deflection range of #30°. At large
angles of attack, however, large negative increases in hinge moment
occurred with increasing absolute magnitude of the deflection. The
values of the hinge-moment parameter, Cng, at moderate angles of attack

were considerably more positive at negative deflections than at positive
deflectlions. This characteristic apparently was typical of control

arrangements having tip-balance areas extendlng to the wing leading edge,
as was shown to exist for three tip horn-balanced control configurations.

Because of the nonlinear nature of the hinge-moment curves, linear
theory was of little value for predicting hinge moments except at small
angles of attack and contrvl deflection.

The control was effective throughout the range of the investigation
which included angles of attack from 0° to 24° and angles of control
deflection from -30° to 30° at & Mach number of 1. 96
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The objectionable nonlinearities in the hinge-moment variations
with both angle of attack and deflection at small angles were success-
fully eliminated by a fence located at the wing-control parting line.
The fence increased the minimum drag of the wing but caused no drag
increase at moderate and high 1ift coefficients at Mach numbers of 1.41
and 1.96. _ .

INTRODUCTION

The half-delta wing-tip control has been shown to be an effective
lateral-control device at transonic and supersonic speeds and, for the
proper hinge-line location, to have relatively low hinge moments over
a glven Mach number range (refs. 1 to 4). Previous investigations were
limited to low-angle conditions; it is therefore desirable to learn the
behavior of this type of control at high angles of attack and control
deflection, particularly since it is known that for delts wings the
load distribution near the tip undergoes substantisl changes as the
angle of attack is increased from moderate to high values (ref. 5). 1In
order to furnish such information, an investigation was conducted in
the Langley 9- by 12-inch supersonic blowdown tunnel on a half-delta
control located at the tip of a 60° delta wing, similar to those of
references 2, 3, 4, and 6, at Mach numbers of 1.4t1 and 1.96 and Reynolds

numbers of 2.4 x 108 and 2.0 x 106, respectively.

The aerodynamic characteristics of the complete model, as well as
control hinge moments and bending moments, were obtained throughout a
maximum control-deflection range of ¥30° and at angles of attack as
high as 24°. A fence, mounted at the wing-control parting line, was
tested in an attempt to modify hinge-moment charsascteristics. Control
moments and rolling effectiveness have been compared with calculated
values. In order to give some indication of the effects of a fence on
subsonic wing characteristics, 1lift, drag, and pitching-moment measure-
ments obtained at a Mach number of 0.73 and a Reynolds number of

2.2 X 106 are also presented. A mathematical analysié of the optical
system, used to measure control-surface hinge moments and bending
moments, 1s included in the appendix.

SYMBOLS

CL 1lift coefficient, Lift

Cp drag coefficient, Drag

e
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. Pitching moment .
pitchling-moment coefficient, e s Pltching-
gSc

moment reference axis located at 0.25¢

gross rolling-moment coefficient,

Semispan wing ;glling moment; reference axls shown in
!

figure 1

Bending moment,
s
reference axis 1s root chord of control surface

control bending-moment coefficient,

Hinge moment

control hinge-moment coefficient, —
WBgcr

;3 reference

axis is hinge line

increment in gross rolling-moment coefficient, 1lift

coefficient, and pitching-moment coefficient due to
deflection of the control surface

free-streem dynemic pressure

semispan wing area (including area blanketed by fuselage)
control-surface area

local wing chord

mean aerodynemic chord of wing

mean aerodynamic chord of control surface

wing span (twice distance from rolling-moment reference
axis to wing tip)

control-surface span (distance from parting line to tip)
angle of attack measured with respect to free stream

control-surface deflection measured with respect to wing-
chord plane.

average control-surface deflection
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R Reynolds number based on mean serodynemic chord of wing
M Mach number
Subscripts:
o slope of curve of coefficient plotted against a;

dCpM ¢ dCh

de °  da

o] slope of curve of coefficient plotted against B;

dac; dCn dCBMr
a ’ as ’  ad

DESCRIPTION OF MODEL

The principal dimensions of the semispan-wing—fuselage combination
are given in figure 1 and a photograph of the model is shown in figure 2.
The wing was of delta plan form having 60° leading-edge sweepback and a
corresponding aspect ratio of 2.3. An all-movable half-delta control
surface was located at the wing tip. '

The main wing panel, exclusive of the control surface, was of solid
steel and had modified hexagonal airfoilil sections of constant thickness.
The thickness ratio varied from 2.4 percent at the model center line to
9.2 percent at the wing-control parting line. The leading edge was
modified by a small nose radius. The leading-edge and trailing-edge
wedge angles, measured parallel to the alr stream, were 6.78° and
13.80°, respectively. :

The half-delta control surface spanned the outer one-third of the
exposed semispan and rotated about an axls in the wing-chord plane
parallel to the pitch axis. The axis was located at the 45.5-percent
station of the control-surface mean aerodynamic chord. The control
surface had 3.0-percent-thick double-wedge alrfoll sections 1n planes
parallel to the free-stream direction with the leading edge modified
by a small nose radius. Two controls of the same plan form and airfoil
sections were used in the investigation, one made of beryllium copper
and one of steel. A fence extending 21.8 percent of the local chord
above and below the wing-chord plane near the leading edge and tapering
to 12.8-percent chord at the trailing edge was mounted on the wing at
the wing-control parting line for part of the investigation.




NACA RM L52H13 ~ 2

A fuselage consisting of a half body of revolution together with
&8 0.25-inch shim was integral with the main wing panel for all tests.

<

TUNNEL

The tests were conducted in the Langley 9- by 12-inch supersonic
blowdown tunnel which uses the compressed alr of the Langley 19-foot
pressure tunnel. The gbsolute stagnation pressure of the air entering
the test section ranges from 2 to 2l-atmospheres. The compressed air

3
ls conditioned to insure.condensation-free flow in the test section by
being passed through a silica-gel drier and then through banks of finned
electrical heaters. Criteria for condensation-free flow were obtained
from reference 7. Turbulence damping screens were located in the set-
tling chamber. Three test-section Mach numbers are provided by inter-
changeable nozzle blocks.

Deviations of flow conditions in the test section with tunnel clear,
determined from extensive calibration tests and reported in reference 8,
are presented in the following table along with properties of the condi-
tioned air: :

Nominal Meach
Varieble number
1.41 1.96
Maximum deviation in Mach number 10.02 10.02
Maximum deviation in ratio of static 2.0 2.2
to stagnation pressure, percent
Meximum deviation in ratio of dynamic 0.4 0.3
to total pressure
Maximum devistion in stream angle, .25 .20
degrees
Maximum dewpoint temperature, CF 20 -20
Minimum stagnation temperature, OF 120 165

A few tests were made 1n an experimental nozzle operating at a
subsonic Mach number of 0.73. Detalls of the flow characteristics of
this nozzle were unknown, but wall pressure measurements indicated the
tunnel-clear test-section Mach number variation was about ¥0.01l. The
average subsonic test-section Mach number decreased about 0.02 as the
angle of attack increased from 0° to 252éﬁ“;pe flow conditions were
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believed to be sufficiently uniform to permit evaluation of changes in
wing characteristics caused by addition of a fence to the wing.

TEST TECHNIQUE

The model was cantilevered from a five-component strain-gage bal-
ance set flush with the tunnel floor. The model and the balance rotated
together as the angle of attack was changed. The aerodynamic forces and
moments on the semispan-wing—fuselage combination were measured with
respect to the body axes and then rotated to the wind axes. The fuse-
lage consisted of a half body of revolution mounted on a 0.25-inch shim;
the shim was used to minimize the tunnel boundary-layer effects on the
flow over the circular portion of the fuselage (ref. 9). A clearance
gap of 0.010 to 0.020 1nch was maintained between the fuselage shim and
the tunnel floor. -

The hinge moments and bending moments on the tip tontrol surface
were measured by means of an optical system which was developed for use
with wings too thin to permit conventional straein-gage installation.

Light from high-intensity sources was reflected by mirrors imbedded
" flush with the model surfaces onto a circular-arc screen of 80-inch
radius, 130-inch length, and 19-~inch width. Clear plastic windows per-
mitted passage of the light through the nozzle walls over a limited
angle-of-attack range for a given light-source and mirror arrangement.
The two mirrors required were adjacent to each other, one in the inner
wing panel and one in the tip control, as shown in figure 1. Deflection
of the control relative to the wing could then be measured by the rela-
tive positions on the screen of the light images reflected by the two
mirrors. At several angles of attack for each control deflection with
the model in place, statlc calibrations were made of the displacement
of the light-image positions on the screen as functions of known values
of hinge moments and bending moments applied to the control surface.
By use of these callbrations the control hinge moments and bending
moments were determined from light-image positiods recorded during wind-
on tests.

Duplicate control surfaces were used in the investigation. All the
control-surfaece hinge-moment and bending-moment deta and part of the
five-component wing data were obtained with a control made of beryllium
copper; the rest of the five-component wing data were obtained with &
control made of steel. No appreclable differences were found to exist
between data obtalned for the two controls. In no instance did the con-
trol loads ceause stresses in the controls approaching the yield point.
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ACCURACY OF DATA

An estimate of the probable errors introduced in the present data
by instrument-reading errors, measuring-equipment errors, and calibra-
tion errors are presented in the following table:

Variable | Moderate load conditions | Maximum load conditions
a 10.02° $0.050
5 t.20 *,20
Cy +.0005 +.0015
Ct, +.005 +.010
Cp +.001 +.003
Cm +.001 +.003
Cn +.008 +.010
CBMf +.015 +.020

The inaccuracies in the measurement of control hinge moment and
bending moment are attributed to: erratic effects of friction between
the bearing in the wing panel and the shaft of the control; errors in
the calibrations wherein loads were applied by means of a hand-held
stylus; the fact that the distortion of the control under an aerodynamic
load is not the same as the distortion under a calibration load; and
errors arlsing from certain relations in the optics of the measuring
system. This last source of error is discussed in greater detail
subsequently.

At the time the present investigatlion was begun, interest lay pri-
marily in control hinge moments. A preliminary enalysis of the optical
system showed that the hinge moments could be obtained by direct use of
a static calibration when certain conditions were imposed on the light-
source and mirror arrangement. These conditions required the light-
source—mnirror system (the striking ray, the reflected ray, and the line
normal to the mirror surface) for both wing and control mirrors to be
coplanar and perpendicular to the hinge line for all angles of attack
and deflection. Although these conditions were not exactly met, calcu-
lations based on the detalled analysis of the appendix have shown that
resulting errors were negligible.

In addition to hinge moments, bending moments also were obtained
because their measurement involved little extra labor. Calculations
have shown that the errors in bending moment resulting when the light-
nirror systems were not being exactly coplanar and perpendicular to the
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hinge line were negligible; however, the analysls in the appendix shows
that, when the angles between the striking ray and normal for the wing
and control were not equal and when the normals were not coincident,
bending moments could not be obtained by direct use of the static cal-
ibrations. The required corrections were measurable but could not be
applied to the present data because the necessary measurements of the
numerous light-source positions were not made at the time of the tests.
Thus, the error in bending moment 1s somewhat larger than that which
would exist with the optical system if the corrections were taeken into
account.

A check on the over-all accuracy of the hinge-moment and bending-
moment measurements was given by data obtalned in overlapping reglons
where moments were obtalned for the same model conditions but different
light-source arrangements. On the basis of the repeated data, it appears
that the estimates of probable errors in CBMf and Cp gilven by the

preceding tables are reasonable.

It is evident that the accuracy of the present hinge-moment and
bending-moment data does not warrant exact quantitative evaluation of
the results, particularly when the control loadings are smell. In order
to provide an indication of the reliability of the deata at small angles
of attack and control deflection the control hinge moments and bending
moments obtained by this system are compared in figure 3 with those
obtained over a limited angle range in the investigation of reference 4.
In the investigation of reference U4, control-surface loads of a wing-
control arrangement which is the same as that of the subject report
except for differences in size were transmitted by an internal staff
which extended through a spanwise slot in the main wing panel to an
electrical strain-gage balance. As conslderable scatter existed 1n the
date of reference 4, only the faired curves have been reproduced in
figure 3. Although the accuracy of the measurements for both sets of
data was of the same order, it should be pointed out that the sources
of error in the two different systems are of a completely different
nature. The dats of figure 3 show that the hinge moments measured by
the optical system and by the strain-gege balance were in excellent
agreement except at zero deflection where a change in hinge-moment sign
occurred at an angle of attack 3° higher for the optical system. The
agreement between bending-moment measurements by the two systems, while
not so good, was still reasonsable.

RESULTS AND DISCUSSION

Figure 4 presents the basic serodynamic coefficients of the wling-
fuselage combination and of the half-delta tip control at a Mach number
of 1.96 plotted against angle of attack for verious control deflection
angles. The deflection angles given in figures 4(a) to 4(d) for the
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complete wing date are essentially constant throughout the angle-of-
attack range. For the control-moment data of figures 4(e) and L4(F)
average values of control deflection are shown and exact values are
given in table I. These data at M = 1.96 are representative of those
obtained at M = 1.4kl; therefore, the data at the lower Mach number have
been presented only in the form of cross plots, along with the M = 1.96
data in subgequent figures, and & limited amount of data is presented
for M = 1.62.

Control Bending-Moment gnd Hinge-Moment Characteristics

Figure 5 presents control hinge-moment and bending-moment coeffi-
cients cross-plotted against control deflection and hinge-moment coeffi-
cients plotted against angle of attack at Mach numbers of 1.41 and 1.96.
Some of the data of figure 5 were obtained by reversing signs of test
values of o, &, Cp, and Cpy. This was desirable because the range
of values of a and B covered in the tests was limited by the move-
ment of the light images of the optical system. The data thus obtained
are applilcable because the model is symmetrical.

Control bending moment.- With the fence off, the veriation of
bending moment with control deflection (fig. 5) was nearly linear for
all angles of attack shown. For a glven value of control deflection,
however, the increase in bending moment per unit angle of attack pro-
gressively decreases as the angle of attack 1s increased to about 12°
and then remains essentially constant with further increases in angle
of attack (also see fig. k4(e)).

Control hinge moment, fence off.- For angles of attack less then
12°, the magnitudes of the hinge moments were small (fig. 5) which indi-
cated that the tip control was reasonably well-balanced even at the .
largest control deflections tested (%30°). For angles of attack greater
than 12° (available only at M = 1.96), however, beginning at positive
control deflections large negative increases in hinge moment with
increasing deflection occurred. The hinge-moment coefficients were
generally negative for positive values of o and ©® indicating that
the control was somewhat underbalanced (the center of pressure was behind
the hinge line); for some small positive angle conditions, however, posi-
tive values of hinge moment indicated that the center of pressure was
located ahead of the hinge line. The hinge-moment parameters Cha and

Chs were generally negative for positive values of « and B.

For negative control deflections and all positive angles of attack
except those near zero, the hinge moments with the fence off were nega-
tive and the values of Cphy were positive. Data to substantiate these

results are not available for other tip controls of this type at size-
eble angles of attack and deflection. Trailing-edge controls, having
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tip horn-balance areas extending from the hinge line to the wing leading
edge or beyond, however, might be expected to have similar character-
istics. Hinge-moment data for such horn-balanced controls for moderate
to high-angle conditions were obtalned in the investigation of refer-
ence 10 and in another investigation (as yet unpublished) in this facil-
ity. In both investigatlions hinge moments were measured by means of
electrical strain gages. For direct comparison, date for all controls,
including the half-delta tip control, were reduced to coefficient form
by using the control area and control mean aerodynamic chord behind the
hinge line. These data presented in figure 6 substantiate the trends

of the hinge-moment variation with deflection observed with the all-
movable tip control. The positive shift of Ch& which occurs at mod-

erate angles of attack as control deflection changes 1n a negative
direction appears to be typical of control arrangements having tip-
balance areas extending to the wing leading edge.

Some form of couple was acting on the control in some cases since
substantial negative hinge moments were evident when bending moments
were zero (fig. 5). The existence of such a couple can be illustrated
by considering the variation of bending moment with angle of attack when
the control is required to remain parallel with the free air stream (that
is, control deflection and angle of attack are equal but of opposite
sign). For this condition, bending moment increased (although at a
decreasing rate) as angle of attack increased from 0° (8 = 0°) to 12°
(8 = -12°), probably because of upwash from the inner wing panel. With
further increase in angle of attack (available only at M = 1.96), the
bending moment decreased until it became zero at 240 angle of attack
and, at this angle, the hinge moment was large and negative. The con-
trol forces in this case were possibly affected by the air flow through
the parting line ahead of the hinge line or it may have been that the
influence of the shock field from the wing leading edge acted in oppo-
sition to the upwash effects of the inner wing panel. Detailed pressure
distribution tests and flow studies would be required, however, to deter-
mine the exact cause of these unusual control-surface characteristics.

Control hinge moment, fence on.- At small angles of attack and
deflection the nonlinear variatlions of hinge moment with deflection
(fig. 5), which occurred for the basic configuration, were believed to
be assoclated with flow through the opening resulting from the deflec-
tion of the control relative to the wing. The fence, which was installed
at the parting line, successfully eliminated not only most of the non-
linear variastions with deflection but also the nonlinear variations of
hinge moment with angle of attack even with the control undeflected.
As a result, Ch, at zero angle of attack and deflection was reduced

to a value more negative than that of Cng. This change in Chy was
in the direction which would be predicted by thebry'if the fence were
of sufficient size to cause the control loading to behave in the same
manner as that of an isolated wing. The hinge-moment parameter Cpg
was essentially unchanged at zero angle of aeggck and deflection by

‘CONFIDENT haliinps~
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addition of the fence. Contrary to fence-off data, however, Chg with

fence on was generally negative at all angles of attack throughout the
deflection range for which data were available. The positive shift in
Chg noted for the fence-off copdition at negative deflections was

apparently delayed to higher angles of attack and more negative deflec-
tions although, unfortunately, data for the negative deflection range
were Iincomplete.

Compaerison with linear theory.- The variation of the hinge-moment
and bending-moment parameters Cha’ Cha’ CBMfa’ and CBMf8 with Mach

number st zero angle of attack and deflection is summarized in figure 7.
Calculated values of these parameters, as obtained from linear theory
(refs. 11 and 12) for the basic configuration are also presented in
figure 7.

The calculated values of the bendling-moment parameters CBMf and
a

CBMfS were in reasonably good agreement with measured values. The

measured values of these parameters decreased with increasing Mach num-
ber at a slightly more rapid rate than theory indicated.

Linear theory is of little value in predicting hinge moments for
this type of balanced, all-movable tip control because of the nonlinear
variation of hinge moment with both angle of attack and control deflec-
tion which occur at smell values of « and 8. This variation is clearly
illustrated by figures 5 and 7. Figure 7 shows that values of Cpy for
zero angle of attack and zero deflection were in good agreement with-
“theory from Mach numbers 1.41 to 1.96. Figure 5, however, shows, that
Cha changed sign at a small angle of attack and generally had negative

values up to the highest angles of attack tested.

Control Effectiveness Characteristics

Figure 8 presents the variation with control deflection of wing
rolling moment, 1ift, and pitching-moment characteristics for Mach numbers
of 1.41 and 1.96, with and without fence. Data were obtained at M = 1.62
but are not presented because linear interpolation between the data at
M =1.41 and M = 1.96 were within the experimental accuracy of the data
at M = 1.62. Calculated rolling-moment effectiveness Cz8 obtained

from linear theory 1is also given for the fence-off condition. With fence
off at zero angle of attack the variations of rolling moment, 1ift, and
pitching moment with deflection were linear for small deflections and the
change of rolling moment with deflection was in reasonably good agreement
with theory. Increassing the magnitude of the angle of attack or deflection



from the low-angle range tended to decrease the parameters CZB’ ACt,

and ACp. The decrease was not too pronounced for negative deflections

even at the largest angles of attack or for positive deflections at zero
angle of attack. In the positive deflection range as angle of attack

was increased, however, the decrease became progressively more pronounced
until a point was reached where further increases in deflection caused

no further increases in rolling moment, 1ift, or pitching moment. The
effect on these control parsmeters of adding the fence appeared to be
somewhat erratic. ' '

Effect of Fence on Wing Characteristics

The effects of a fence on the lift, drag, and pitching moment of
the wing-fuselage combination with control undeflected are illustrated
in figure 9 for Mach numbers of 0.73, 1.41, and 1.96.

The fence caused an increese 1n the values of minimum drag coeffi-
cient of about 0.003 at all Mach numbers. Repeat tests made at a later
date to check the drag data were in agreement with the data shown. The
increment in drag attributed to the fence at s Mach number of 0.73 was
essentially constant up to values of 1lift coefficient of 0.35 at which
point the presence of the fence caused an abrupt decrease in lift-curve
slope which resulted in a corresponding increase in fence drag with
further increases in 1ift coefficient. It is interesting to note that
at supersonic Mach numbers, however, above a particular value of 1ift
coefficlent, the fence caused an increase in lift-curve slope. This
increase 1n turn caused the fence drag penalty to vanish at vdlues of
1ift coefficient of 0.50 and 0.35 at M = 1.41 and M = 1.96, respec-
tively. Above a lift-coefficient value of 0.35 at M = 1.96 +the drag
of the model was actually less with the fence on then with the fence
off. '

CONCLUDING REMARKS

An investigation of a half-delta tip control on a 60° delta wing
in the Langley 9- by 12-inch supersonic blowdown tunnel at Mach numbers
of 1.41 and 1.96 indicated the following results:

The control, with a hinge line located at the 45.5-percent station
of the control mean serodynamic chord, exhibited relatively small hinge
moments over the entire control-deflection range of 130° for angles of
attack less than 12°. At larger angles of attack (available only at a
Mach number of 1.96) sizesable negative increases in hinge moment with
increasing deflection occurred.

R Ll




The values of the hinge-moment parameter ChS at moderate angles

of attack were considerably more positive at negative deflectlons than
at positive deflections. This characteristic apparently was typical
of control arrangements having tip-balance areas extending to the wing
leading edge as was shown to exist for three tip horn-balanced control
configurations.

Because of the nonlinear nature of the hinge-moment curves, the
theory was of little value for predicting hinge moments except at very
small angles of attack and deflection.

The control was effective throughout the range of the investigation
which included angles of attack from 0° to 24° and angles of control
deflection from -30° to 30° at a Mach number of 1.96.

An outboard fence successfully eliminated, at small angles, the
objdctionable nonlinear variations of hinge moment wilth both control
deflection and angles of attack. The fence increased the value of the
wing minimum drag coefficient by about 0.003 but also increased the
wing lift-curve slope at moderate angles of attack at Mach numbers of
1.41 and 1.96, thereby causing the drag penalty to vanish.

Langley Aeronautical Lsboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.
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APPENDIX

ANALYSIS OF AN OPTICAL SYSTEM DEVELOfED TO MEASURE HINGE
MOMENTS AND BENDING MOMENT OF CONTROLS ON THIN WINGS

By Kennith L. Goin

Hinge moments and bending moments of a control surface may be
expressed in terms of deflection of the control with respect to the
wing when the control is flexibly supported in position. The control
deflection may in turn be determined from the movement on a screen of
a light image reflected by a mirror in the control surface relative to
the movement of a light image reflected from a second mirror in the wing.
It is first necessary, however, to determine what part of the control-
imege movement is due to deflection of the wing under load since a one-
to-one ratio would not necessarily exist between the wing-imege movement
and the movement of the control image due to wing deflection. Also, the
correspondence of the light-image movement to the movement of the mirror
must be established. The followlng detailed analysis determines these
relations for the optlcal system developed for use in the Langley 9- by
12-inch supersonic blowdown tunnel: The analysis initially deals with
an optical system in which the locations of the light sources and the
attitudes of the mirrors are arbitrary.

The generel arrangement of the optical system is shown in figure 10.
The wing-control model was mounted vertically in the tunnel (shown with
nozzle blocks removed) and the surface of the large circular image screen
was parallel to the model pitch axls. For convenience of notation, an
orthogonal coordinate system has been chosen such that the origin is at
the mirror, the y-axls 1s parallel to the pitch axis of the model, and
the yz~plane contains the light source. The intersection of the xz-plane
with the image screen is the circular arc abc. The angles 64 and 6n
are measured in the xz-plane and the angles 74, 7,, and 7; &are meas-
ured from the y-axls in vertical planes containing the y-axis. From the
fundamental properties of mirrors (the striking ray, the reflected ray,
and line normal to mirror surface lie in a plane and the angle of inci-
dence of the striking ray equals the angle of reflection) the following
relations were obtained:

2m sin en

(A1)

91 = tan 2m cos @ - P
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-1 2m ctn 7p - p ctn 74

(A2)
Jhm? - 4mp cos 6, + p°

74 = ctn

where

m = cos Op + ctn 75 ctn ypn

P =1+ ctny,

Any movement of the mirror is completely described by rotating
about the y-axis (wing or control twist) and tilting with respect to
the y-axis (wing or control bending). These movements can be defined
by chenges iIn the angles 6 and 7 of the mirror normel. The partial
derivatives of equations (Al) and (A2) describe the angular chsnge of
the reflected ray due to deflection of the mirror normal and are as
follaws:

64 _ 2(21:12 - mp cos 6, + P sin26n> (43)
d8p Im? - hmp cos 6y + Do
901 _ -2p sin 6n(2m ctn 7y - p ctn 7s) (AL)
d7n Yn? - 4mp cos 6 + D2 '
dry 2 ctn 7p sin 6y (45)
d6n Vim2 - bmp cos 6y + p2 '
74 _ bkm - 2p cos 6y (A6)

7y \/hme - bmp cos 6 + P

The preceding equations also may be used to describe the distance
the light image travels on the screen. TFor small deflections of the
mirror, such as those resulting from deflection under load, it is rea-
sonable to assume that the screen is a plane normal to the reflected
ray since 71 is close to 900 and the screen radius is large (80 in.).
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The angles of the light-image path on the screen, due to deflection of
the mirror normal, with respect to the intersection of the xz-plane and
the screen are then

-tan_l M (A"()

Yy =
0 aei/aen
aei/ d7n

where the second subscript denotes the direction of movement of the
nmlrror normal to which the angle V 1s due.

The previous discusslion has been limited to development of the
mechanics of a system of one light, mirror, and image. In the present
tests there are two such systems, one for the control and one for the
wing. The deflection of the control with respec¢ct to the wing is desired
since this relative deflection is an indication of the control-surface
loads. In order to determine the control deflection with respect to
the wing, it i1s necessary to determine what part of the control deflec-
tion 1is due to wing deflection.

When the mirror in the wing rotates about the y-axis, the mirror
in the control rotates about the y-axis an equal amount; that 1s, the
change in 6p of the tip control is equal to the change in 6, of the

wing. Thus,

(Aen) . = (Aen)w (49)
and
.___g::;: =0 (A10)

where subscripts t and w refer, respectively, to the control and
wing.

When the wing mirror normal and the control mirror normal do not
lie in the same vertical plane, a change in 7, (bending) of the wing

¢ van 3
c e S
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does not cause an equal change in 7, of the tip control. For example,
in the extreme case, where the horizontal angle between wing and control
mirror normals is 90° and 7, of wing and control mirror normasls are
equal, a change iIn 7p of the wing mirror causes simply a rotation of

the control mirror sbout 1ts own normasl. The relations between the
movements of the wing and tip normals are

(B7n)t = cos p (A11)
(37s)w
and
((—:i-n;—t = sin p(ctn 74) % (A12)
ojw

where p 1s the horizontal angle between the mirror normals (enw - ent)

if the wing and control light sources are in the same vertical plane.
Summarizing equations (9) to (12) graphicelly yilelds

Wing normal movement:

(A7n) W

(Aen)w

Corresponding tip normal movement:

M/ cos p (A7n)w

(26n)y~ hin p (Arn)w(ctn ),

Normally the location of the light source and the reflected image
will be known for both wing and control systems. ZXquations (A1) and
(A2) allow solution for the location of the mirror normals. From the
movement of the wing image due to model loads the deflection of the
wing mirror normal masy be obtained by use of equations (A3) to (A8).
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From equations (A9) to (Al2) the deflection of the comtrol mirror normal
corresponding to the wing deflection may be found. Agein, using equa-
tions (A3) to (A8), the movement of the control image corresponding to
wing deflection may be determined. The remaining movement of the con-
trol image is due only to the control-surface loads.

It is 1mmediately evident that, in the general case Just described,
the calculations for each data point would involve a great deel of labor.
For thils reason such arrangements are not consldered practical.

The preceding equations may be greatly simplified for wing-control
arrangements in which the two light-mirror systems are coplanar and
perpendicular to the hinge line for all angles of attack and control
deflection. That is,

Yig = Ty = 7s, = Yig = Tng = Vs = 90° (413)

Therefore, the movement of the image from the control mirror due to
deflection of the wing in bending becomes

(01); _ 0 (A1k)

ay ———-l-
( n)w (a7n>w

(d7n) (871)1: _cos(6n)y
W

= o(ary) (415)
(57n)w cos(6p),, % L

and the movements of the control and wing images due to wing twist are
equal,

SR

From these relations the movement of the control image due only to
control-surface loads can be found very simply. It should be noted
that the wing-control srrangement of the present investigation approxi-
mates the conditions of equation (Al3). An illustration of the bresk-
down Into components of the wing- and control-image movements for this
case are presented in figure 11. ' .

| IDENTIAL . ...
W PO e .
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The light-mirror relations may be further simplified if the wing-
and control-mirror normals can be considered coincident and a single
light source is used in that a one-to-one ratio then exists between the
movement of the wing mirror imsge and the movement of the control mirror
image due to wing movement. This simplification has the disadvantages
that, in practice, the control mirror must be reset each time the con-
trol deflection is changed and the model surfaces will not be smooth
when the control is deflected.
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TABIE T
VALUES OF ANGLE OF ATTACK AND CONTROL DEFLECTION FOR
DATA PRESENTED IN FIGURES L(e) AND 4(f) M = 1.96
Average B8, deg

a, deg
-30.0 | -20.3 | -11.0 0 5.4 | 10.4 ] 15.5 | 29.9
“10.11 | =e=== | mmmem | aeeme e | o= | ~=== | 15.8 | 30.2
~8.05 | ~emmme | mmmee ) meees -—- | 5.6 | 10.6 | 15.8 | 30.2
-6.02 | —emmm | mmmem |} —ee-a 0.0 | 5.4 | 10.5 | 15.7 | 30.1
400 | =emmm f mmmem ) e 0 5.4 | 10.4 | 15.6 | 30.1
“2.00 | ~==== | mmmmm }eeme- .0 | 5.4 ] 10.4 ] 15.6 | 30.0
0.00 | === { oo ] =e=-- .0 | 5.4 §{10.4 | 15.6 | 30.0
2.00 | === | ===== | === 1| 5.4 ) 10.4 1 15.5 | 30.0
L.oo | =--== | ===-2- -10.8 .0 | 5.4 | 10.4 (| 15.5 | 30.0
6.00 | —==-= | === -10.9 .0 | 5.3 | 10.4 | 15.5 | 30.0
7.98 | ==--= | —=-=- -10.9 .0 | 5.3 10.% 1 15.5 | 30.0
9.96 | —---= | =m--- -11.0 {-.1]5.3 | 10.3 | 15.5 | 29.9
11.94 | ----- -20.2 |-11.0 | ~-.1 | 5.3 | 10.3 | 15.5 | 29.8
13.94 | ——a-- -20.2 |[-11.0 | --= | === | 20.3 ] 15.5 | 29.7
15.94 | ----- ~20.3 | -11.0 |=-.1{ ~-- | 10.3 | 15.5 | 29.6
17.96 | ----- -20.3 | -11.0 | -.2 | --- | 10.2 | 15.4 | 29.5
19.99 | -30.0 | -20.3 | -11.0 | -.2 | --- | 10.2 | 15.4 | 29.4
22.04 | -30.0 | -20.3 | -211.0 |[-.2 } ———- | 10.2 | 15.4 | 29.4L
24,12 | -30.0 | -20.3 |-11.1 {-.2 | --- | 10.2 | 15.3 | ----
26.24h | -30.0 | -20.3 | -11.1 | -2 | === | ==== | 15.2 | -=w-
28.43 | -30.0 | -20.3 | ----- -3} === | === | 15.1 | ----
30.73 | -30.0 | -20.4 | -==--- - b} - | === | 5.0 | ----

B ——.




ETHSST WM VOVH

1.559 9000
P 0.566 _— Penoe station | Thag e
l R I 7 .
0.68 £ T € ’
. — — — ——— - . 0
— L 1.% .1
— " 1.623 .260
0.0 g.%g .3%0
Fonce : o
2
0.012 thiak 5'7& ngh
.330 5
0.01} rad o 4.1 :
13.80 S.am :ﬁl
] o A, Ao s ~ ——
0.009c rad o 0.007 blunt
6,78
0.0025 rad Clamp t\: :::E ,-—;
3aatl A=A
——’—/- (a;la::ud) .
. 0.070 diem, mirrors
— 0,002 gap
0.20 [~ 04005 gap !___
0,02 rad A ) *
02 ra i Y .
1,559 0050
0.25 inch o / :;l; — 0-1kk
Mioarta shim 60 >
—3 |‘ Clamps 3486
0.89 ] Station
‘ ] L] o'lh'h
0.105 dliam. 1.25 P P . )
0.109 dian. l — ] h \:
e Hings Llins |——1'91F7 3-014 - \ 1 0.566 \ Rolling moment
. 6.038 ref. axla
Contral aurface \Pitr.hi moment ref. axia
D?Uu'!?)

Figure 1.~ Details of semispan-wing--fuselage combination. Aspect ratio, 2.3;
mean aerodynamic chord, 4.025 in.; semispan, 3.486 in.; half-wing ares,
10.52h4 aqg in.
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Figure 3.~ Comparison of hinge moment and bending moment of a tip control
on a delta wing obtained by an optical system at M = 1,96 with results
obtained by use of a strain-gage balance system at M = 1.90 (ref., 4).
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Figure 10.- Geperal arrangement of optical system designed for use in
the Langley 9~ by 12-inch supersonic blowdown tunnel.
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" Flgure ll1.- Illustration of breskdown into components of the movements

of images of the optical gystem for the case In which the light-
mirror systems are coplanar and perpendicular to the control hinge
axis., (Relative vector lengths are not necessarily typical.)
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